Abstract Most of the well-preserved ophiolite complexes are believed to form in suprasubduction zone (SSZ) settings. We compare physical properties and seismic structure of SSZ crust at the Izu-Bonin-Mariana (IBM) fore arc with oceanic crust drilled at Holes 504B and 1256D to evaluate the similarities of SSZ and oceanic crust. Expedition 352 basement consists of fore-arc basalt (FAB) and boninite lavas and dikes. P-wave sonic log velocities are substantially lower for the IBM fore arc (mean values 3.1-3.4 km/s) compared to Holes 504B and 1256D (mean values 5.0-5.2 km/s) at depths of 0-300 m below the sediment-basement interface. For similar porosities, lower P-wave sonic log velocities are observed at the IBM fore arc than at Holes 504B and 1256D. We use a theoretical asperity compression model to calculate the fractional area of asperity contact A f across cracks. A f values are 0.021-0.025 at the IBM fore arc and 0.074-0.080 at Holes 504B and 1256D for similar depth intervals (0-300 m within basement). The A f values indicate more open (but not necessarily wider) cracks in the IBM fore arc than for the oceanic crust at Holes 504B and 1256D, which is consistent with observations of fracturing and alteration at the Expedition 352 sites. Seismic refraction data constrain a crustal thickness of 10-15 km along the IBM fore arc. Implications and inferences are that crust-composing ophiolites formed at SSZ settings could be thick and modified after accretion, and these processes should be considered when using ophiolites as an analog for oceanic crust.
Introduction
Ophiolites are often used as an analog for oceanic crust because their lithological sequences (lavas, sheeted dikes, gabbros, and ultramafics) are similar to those observed at oceanic drill sites [e.g., Moores and Vine, 1971; Anonymous, 1972] . However, most ophiolites are thought to have formed in a suprasubduction zone (SSZ) setting rather than at mid-ocean ridges [e.g., Miyashiro, 1973; Pearce et al., 1984] . Hence, it is important to constrain how representative SSZ crust is to normal oceanic crust. Our focus in this study is on the geophysical properties of SSZ and oceanic crust.
One of the type localities for studying SSZ crust is the Izu-Bonin-Mariana (IBM) system ( Figure 1a ). IBM subduction initiated 52 Ma when a change in plate motion resulted in compression between the Pacific and Philippine Sea plates [Hilde et al., 1977; Stern and Bloomer, 1992; Ishizuka et al., 2011; Reagan et al., 2013] . Soon after subduction initiation, spreading commenced in the fore arc, producing mid-ocean ridge basalt (MORB)-like tholeiitic basalts which have been termed ''fore-arc basalts'' (FAB) [Reagan et al., 2010] . With continuing subduction, erupted lavas evolved to boninites, transitional lavas, and eventually traditional arc volcanics [Stern and Bloomer, 1992; Ishizuka et al., 2011; Reagan et al., 2013] . A seismic refraction survey in the Izu-Bonin fore arc found thin arc crust that is remarkably similar in thickness to typical oceanic crust, and it has been argued that this crust is an ophiolite in the process of being obducted [Kodaira et al., 2010] . Takahashi et al. [2009] and Kodaira et al. [2010] are shown with blue lines. Background is topography from the global multi-resolution topography synthesis [Ryan et al., 2009] . CNSC: Cocos-Nazca Spreading Center; EPR: East Pacific Rise. Inset shows close-up of the IODP Expedition 352 drill sites and seismic site survey data; ocean bottom seismometer positions are displayed with green circles.
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Recent drilling at the IBM fore arc during International Ocean Discovery Program (IODP) Expedition 352 penetrated a total of more than 1 km of basement from four different sites [Expedition 352 Scientists, 2014] . In this study we compare physical properties, logging, and seismic site survey data from these sites to the equivalent measurements from Holes 504B and 1256D in the East Pacific Ocean (Figure 1b ) to evaluate how representative SSZ crust is compared to normal oceanic crust. We then consider what implications this comparison has for using ophiolites as analogs for oceanic crust.
Drill Sites
IODP Expedition 352 drilled seven holes across four sites in the Izu-Bonin fore arc at the northeastern edge of the Bonin Ridge (Figure 1a ). Here we study Holes U1439C, U1440B, U1441A, and U1442A which cored 362, 268, 123, and 447 m of basement rocks, respectively [Expedition 352 Scientists, 2014] . At Holes U1440B and U1441A, located closest to the trench, basement consists of fore-arc basalts, with 145 m of lavas overlying a 70 m thick transition zone of lavas and dikes, which in turn overlies a 55 m thick sheeted dike unit or sill complex at the bottom of Hole U1440B [Expedition 352 Scientists, 2014] . At Holes U1439C and U1442A, located further west from the trench, basement consists of boninite group lavas, with 28 m of a dike or sill complex at the base of Hole U1439C [Expedition 352 Scientists, 2014] . Logging was carried out at Holes U1439C, U1440B, and U1442A, although hole conditions precluded the logging tools reaching the bottom of any of these holes [Expedition 352 Scientists, 2014] .
Hole 504B is located in 5.9 Ma intermediate spreading rate crust formed at the Cocos-Nazca spreading center (Figure 1b) [e.g., Anderson et al., 1982; Becker et al., 1989; Alt et al., 1993] . Multiple drilling legs penetrated 1836 m into basement, consisting of 571 m of lavas, 209 m of a lava-dike transition zone, and 1056 m of a sheeted dike complex [Alt et al., 1993] . Logging was carried out over the entire length of basement [Alt et al., 1993] .
Hole 1256D is located in 15 Ma superfast spreading crust generated at the East Pacific Rise (Figure 1b 3. Measurements and Data Analysis 3.1. Discrete Sample Measurements During Expedition 352, compressional seismic velocity, density, and porosity measurements were made at room temperature and pressure on discrete cube samples (8 cm 3 ) taken approximately every 3 m of recovered basement core for all sites [Expedition 352 Scientists, 2014] . Figure 2 compares compressional seismic velocity with porosity and density for all measurements, with boninite suite and fore-arc basalt suite samples plotted with red and blue symbols, respectively. Also plotted are similar measurements for Hole 504B (cyan symbols) [Karato et al., 1983] and Hole 1256D (green symbols) Expedition 309 Scientists, 2005] for samples from the upper 300 m of basement, which is the average basement penetration depth for the Expedition 352 sites.
Logging Measurements
A series of in situ borehole measurements was acquired during Expedition 352 and at Holes 504B and 1256D, including sonic velocity, resistivity, bulk density, and gamma ray [e.g., Alt et al., 1993; Expedition 309 and 312 Scientists, 2006; Expedition 335 Scientists, 2011; Expedition 352 Scientists, 2014] . Porosity in oceanic basement can be estimated from resistivity using Archie's law [Archie, 1942] and the method of Becker et al. [1982] . Figure 3 displays compressional velocity, porosity, density, and gamma ray logs for the upper 300 m of basement for all sites in our study; because of hole conditions, logging tools did not advance deeper than 300 m into basement at the Expedition 352 sites [Expedition 352 Scientists, 2014] . Figure 4 compares compressional seismic velocities with porosity and density for log measurements at basement depths of 25-300 m (values from 0 to 25 m are excluded because of the high variability observed in porosity values).
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006638 Carlson [2014b] presents a theoretical asperity compression model that provides a good fit to log data from Holes 504B and 1256D. In the model the key parameter is A f , the fractional area of asperity contact across Figure 2 . Scatterplots of velocity compared to (a) porosity and (b) density for discrete samples from IODP Expedition 352 Holes U1439C and U1442A (boninite suite), Holes U1440B and U1441A (fore-arc basalt (FAB) suite), oceanic crust Holes 504B and 1256D, and the Semail [Christensen and Smewing, 1981] and Bay of Islands (BOI) [Salisbury and Christensen, 1978; Christensen and Salisbury, 1982] ophiolites. For Holes 504B and 1256D measurements are only plotted for samples from the upper 300 m of basement. The ophiolite sample measurements were made at pressures of 0.06-0.08 GPa; 0.18 km/s has been subtracted from the velocity values for comparison with the other samples which were measured at ambient pressure. Colored dashed lines in the top figure plot the calculated relationships between porosities and velocities using the asperity compression model of Carlson [2014b] . Black dashed line in the bottom figure plots the global relationship between velocity and density from Brocher [2005] .
Crack Morphology Models
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the cracks [Carlson, 2014b] . We use the following equations from Carlson [2014a] and Carlson [2014b] to calculate A f values for our study.
First we calculate bulk density of the rock, q r
where q g is the grain density, q f is the density of the pore fluid, and / is porosity.
We calculate the P-wave moduli, M ri
where q r values are from equation (1) and v r is P-wave velocity.
We calculate the P-wave modulus of the grains, M g , using an empirical relationship [Carlson, 2014a] ,
We calculate the best fitting value of M cr to the Reuss-average model for M r
where M r is the P-wave modulus of the rock and M cr is the crack modulus. Guerin et al. [2008] , while all other logs are from online database managed by Lamont-Doherty Earth Observatory. Plotted in black are the average formation properties versus depth derived from logs in the Troodos ophiolite [Salisbury et al., 1989] . (a) P-wave sonic; (b) porosity calculated from resistivity using the method of Becker et al. [1982] for ocean drilling logs and calculated from the density log and measured grain densities for the Troodos ophiolite; (c) density; (d) gamma ray reported in gAPI units for ocean drilling logs and API units for the Troodos ophiolite.
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Finally, we calculate A f
where M f is the fluid modulus. [Salisbury et al., 1989] . Colored dashed lines in the top figure plot the calculated relationships between porosities and velocities using the asperity compression model of Carlson [2014b] . Black dashed line in the bottom figure plots the global relationship between velocity and density from Brocher [2005] .
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006638 Table 1 summarizes the model parameters. Fluid density and fluid modulus follow Carlson [2014b] , grain density is the average of discrete sample measurements at depths 0-300 m below basement, and grain modulus, crack modulus, and area of contact are from equations (3)- (5).
Seismic Reflection Images
Multichannel seismic (MCS) data are available for Holes 504B and 1256D and all Expedition 352 sites. MCS data in the IBM fore arc were acquired in 2011 and 2013 with a 118 L air gun array at a shot interval of 50 m, and were recorded by a 444-channel streamer cable 5550 m long. MCS data across Hole 1256D were acquired in 1999 with a 49 L air gun array shot at a shot interval of 37.5 m, and were recorded by a 480-channel streamer cable 6000 m long [Hallenborg et al., 2003] . MCS data across Hole 504B were acquired in 1994 with a 49 L air gun array shot at a nominal shot interval of 33 m and were recorded by a 160-channel streamer cable 4000 m long [Kent et al., 1996 [Kent et al., , 1997 . All data were processed with the same sequence, which included a band-pass filter, deconvolution, trace regularization, velocity analysis, radon transform multiple attenuation, and 2-D Kirchhoff prestack time migration.
All images were converted to depth with velocities of 1500 m/s for the water column and 1700 m/s for sediments; sediment velocities were chosen based on mean interval velocities from the semblance velocity analyses (which happened to be similar for the IBM, Hole 504B, and Hole 1256D data). A velocity function, based on appropriate seismic refraction profiles, was hung below the seafloor-basement contact. For the IBM sites, the crustal velocity function is from seismic refraction profile KT06 at the location of Hole U1439C (section 3.5). Seismic refraction studies constrain similar velocity functions for Holes 504B and 1256D [Detrick et al., 1998; Expedition 309 Scientists, 2005] , and thus the identical velocity function was used for depth conversion at both sites (the ''northeast'' velocity function of Hole 1256D [Expedition 309 Scientists, 2005] ; section 4.5). Images across all sites, focusing on the upper crust, are displayed in Figure 5 (IBM sites U1439, U1440, and U1442) and Figure 6 (Holes 1256D and 504B).
Seismic Refraction Data
Trench-parallel seismic refraction profile KT06 crosses Site U1439 in the IBM fore arc ( Figure 7d ). Other coherent secondary arrivals are observed on some record sections, but have little consistency in time or slope between instruments, and were not included in the analysis; these arrivals are likely associated with reflections from the subducting slab.
We use the iterative tomographic inversion method of Van Avendonk et al. [2004] to build a velocity model from the data. The model includes three layers: water, crust, and mantle. Travel time picks were made on the vertical channel; phase identification was refined by overlying travel time curves on the record sections as the inversion proceeded. The final model used 2848 Pg picks, 472 PmP picks, and 83 Pn picks, and achieved a chi-squared value of 1.1 with RMS values between observed and calculated travel times of 69, 67, and 86 ms for the Pg, PmP, and Pn phases, respectively. Raypaths and travel time fits are displayed in Figure 8 for the different phases. Ray coverage is good in the upper and middle crust ( Figure 8a ). Moho reflections constrain crustal thickness over a lateral Geochemistry, Geophysics, Geosystems 4. Results
Discrete Sample Measurements
The Expedition 352 velocities exhibit a negative correlation with porosity ( Figure 2a ). There is some overlap with measurements from Holes 504B and 1256D, but in general Expedition 352 porosities are higher and have more scatter, especially for the boninite suite samples. Expedition 352 velocities exhibit a positive correlation with density ( Figure 2b ). Expedition 352 boninite suite samples have lower densities and more scatter than the Expedition 352 fore-arc basalts and Holes 504B and 1256D basalts, but fall close to the global relationship between velocities and densities reported by Brocher [2005] .
4.2. Logging Measurements P-wave sonic velocities are substantially lower for the Expedition 352 sites (mean values 3.1-3.4 km/s) compared to Holes 504B and 1256D (mean values 5.0-5.2 km/s, Figure 3a ) at depths of 0-300 m below basement. Porosities are higher for the Expedition 352 sites (mean values range from 12 to 18% for the four sites) compared to Holes 504B and 1256D (mean values 8-10%), but there is some overlap especially at depths >100 m (Figure 3b ). In general, densities are lower for Expedition 352 sites (mean values 2.0-2.3 g/ cm 3 ) compared to Holes 504B and 1256D (mean values 2.5-2.6 g/cm 3 ), but there is some overlap for U1440B (fore-arc basalt suite) and the oceanic crust sites (Figure 3c ). The gamma ray values (Figure 3d ) are significantly higher for Expedition 352 sites (mean values 15-22 gAPI; see Blum [1997] for gAPI definition) than for oceanic crust sites (mean value 4 gAPI). Geochemistry, Geophysics, Geosystems
There is a clear separation in velocity-porosity values between Expedition 352 and Holes 504B and 1256D, with lower velocities observed for similar porosities in the IBM fore arc (Figure 4a ). For velocity-density values both lower velocities and densities are observed for Expedition 352 sites compared to Holes 504B and 1256D, but all values follow the global trend between velocities and densities reported by Brocher [2005] ( Figure 4 ). Figures 3 and 4 were not measured directly, but instead were calculated from the resistivity logs using Archie's law [Archie, 1942] and the method of Becker et al. [1982] . Alternate methods for porosity Geochemistry, Geophysics, Geosystems
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calculation include using different parameters in Archie's formula [Pezard, 1990] , or calculating porosity from the density log [e.g., Salisbury et al., 1989] . Both of these methods result in higher calculated porosity values, but have the same general result: lower velocities are observed for similar porosities in the IBM fore arc compared to Holes 504B and 1256D.
Crack Morphology Models
We calculate A f values at two different scales: discrete sample and downhole logging. (Table 1) . A similar analysis by Carlson [2014b] for lavas at Holes 504B and 1256D found an A f value of 0.096 6 0.008; this slightly higher value is likely caused by the analysis of lavas at all depth ranges, while our study only included lavas at depths 25-300 m below basement. A f values from downhole logs for the IBM region are considerably lower, with values of 0.021 6 0.002 and 0.025 6 0.004 for the basaltic suite and boninite suite lavas, respectively. Fits for the A f models to the velocity-porosity discrete samples and logs are shown in Figures  2a and 4a .
Seismic Reflection Images
Normal faults, extending from the seafloor to depths of at least hundreds of meters into basement, are prevalent near all IBM sites ( Figure 5 ). We also interpret high-angle faults in the upper 200 m of basement where layering is clearly disrupted, and dipping reflectivity is coincident with many of the fault zones identified from core samples [Expedition 352 Scientists, 2014] at Hole U1439C (Figure 5b ). No clear faults in the upper crust are imaged within a few km of Hole 1256D (Figure 6a ), but at a larger scale low-angle upper crust reflectors, with a horizontal spacing of 5-10 km, are observed on isochron profiles [Hallenborg et al., 2003] . At Hole 504B some dipping reflectivity is observed (e.g., at CDPS 1375-1450, depths 4-4.75 km, Figure 6b) , and normal faults are imaged at a scale larger than displayed in Figure 6b (tilted fault blocks spaced 10 km apart with evidence of active normal faulting [Kent et al., 1996] ).
Crustal Structure
Crustal thickness along IBM fore-arc profile KT06 varies from 10 to 15 km, with an average thickness of 12.3 6 1.0 km (Figure 9 ). The velocity-depth function at Site U1439 is displayed in Figure 10 and consists of a high-velocity gradient upper crust with velocities increasing from 3.3 km/s at the seafloor to 6.0-6.2 km/ s at 2.5-3.0 km depth, overlying an 10 km thick lower crust with velocities reaching 7.0 km/s at the base of the crust; upper mantle velocities are 8.1 km/s (Figure 10 ). At Hole 1256D upper Layer 2 velocities are 4.5-5 km/s, the seismic Layer 2/3 boundary is 1.2-1.5 km below basement, and total crustal thickness is 5-5.5 km (Figure 10 ) [Expedition 309 Scientists, 2005] . At Hole 504B velocities are 4.0-4.5 km/s near basement, the Layer 2/3 boundary is 0.9-1.2 km below basement, and total crustal thickness is 5 km [Collins et al., 1989; Detrick et al., 1994; Swift et al., 1998 ]. Geochemistry, Geophysics, Geosystems [Reagan et al., 2015] . FAB is similar to N-MORB, but has lower Ti/V and Yb/V ratios indicating a depleted mantle source compared to the N-MORB source at mid-ocean ridges [Reagan et al., 2010] . Boninites are high-Mg andesites with low concentrations of Ti and rareearth elements, and high concentrations of water and fluid mobile elements, and are generated from low-pressure melting of a depleted mantle with strong fluid fluxing [e.g., Crawford et al., 1989] .
Figure 2 compares P-wave velocities, porosities, and densities for IBM fore-arc boninites, IBM fore-arc FAB, and Holes 504B and 1256D MORB discrete samples. There is considerable overlap in the MORB and FAB measurements, with slightly lower velocities and densities, and higher porosities observed for the FAB compared to MORB. The boninites exhibit a large range of measured P-wave velocities (3-6 km/s), densities (1.75-2.75 g/cm 3 ), and porosities (2-43%), but follow the same positive correlation between velocity and density, and negative correlation between velocity and porosity, as the FAB and MORB measurements (Figure 2 ). We use a lower grain density and grain modulus for the boninites in the A f calculations (section 3.3), but note that the differences in these values are not statistically significant (Table 1) .
Gabbros, oxide gabbros, and gabbronorites were recovered in the 100 m plutonic section at the base of Hole 1256D [Wilson et al., 2006] . Noritic gabbros, which contain orthopyroxene rather than the clinopyroxene, were obtained from dredging and submersible sampling of the Bonin Ridge [Ishizuka et al., 2011] . The different mineralogies are predicted to lead to densities that are 0.1 g/cm 3 higher for gabbronorites than gabbros, with similar P-wave velocities [Abers and Hacker, 2016] . Geochemistry, Geophysics, Geosystems 10.1002/2016GC006638
Small-Intermediate Scale
The sonic velocity logging data indicate a clear separation in values between the IBM fore-arc and oceanic crust at Holes 504B and 1256D, with lower velocities observed at the IBM fore arc for similar depths below basement (Figure 3 ). There is typically an inverse relationship between velocity and porosity in oceanic crust basalts, with low velocities associated with high porosities [e.g., Christensen et al., 1979; Wilkens et al., 1983] , but lavas with similar porosities of 9-15% have lower velocities at the IBM fore arc (2.8-3.8 km/s) than at Holes 504B and 1256D (4.0-5.2 km/s, Figure 4) . Previous studies have shown that pore structure will affect the relationship between porosity and seismic velocity [e.g., Wilkens et al., 1988 Wilkens et al., , 1991 Carlson, 2014b] . For example, Wilkens et al. [1991] show that the closing of low-aspect ratio (flat) cracks will result in a small decrease in porosity but a large increase in seismic velocity. We use an asperity compression model [Carlson, 2014b ] to quantify the relationship between porosities and seismic velocities for both discrete sample and logging measurements ( Fractured formations in oceanic crust volcanics are associated with high gamma ray values, owing to potassium-bearing secondary minerals in altered basalts [Brewer et al., 1998; Tominaga et al., 2009] . For example, at Hole 1256D mean gamma ray values are 5.7 gAPI for fragmented flows, compared to values of 2.6 gAPI for massive flows [Tominaga et al., 2009] . In contrast, gamma ray values average 15-22 gAPI at the IBM fore-arc sites (Figure 3d) . Evaluation of the IBM cores finds multiple fracturing followed by mineral precipitation from a fluid, with major vein components of calcite and various types of zeolite [Reagan et al., 2015] . The potassium-rich zeolite forms from alteration of volcanic glass and is the likely source for increased gamma ray values. The 15-22 gAPI values are consistent with increased fracturing and alteration at the IBM fore arc compared to oceanic crust at Holes 504B and 1256D which have mean gamma ray values of 4 gAPI. Alteration will cause a small reduction in seismic velocity, while cracks account for the majority of the difference between in situ velocities and theoretical velocities of unaltered material [Carlson, 2014a] .
The cracks quantified by the A f values from downhole logs would be on the cm-m scale sampled by the logging measurements. At the larger scale, several fault zone intervals were identified in the IBM fore arc at Holes U1439C (348-401 mbsf, 420-446 mbsf, and 475-525 mbsf; Figure 5b ) and U1442A (238-267 mbsf, 433-445 mbsf, and 491-502 mbsf); these fault zones are characterized by damage zones of several tens of meters in thickness, abundant slickensides, and poorly recovered cataclastic shear zones [Reagan et al., 2015] . Numerous faults are imaged in seismic reflection profiles in the IBM fore arc, including normal faults extending to the seafloor and high-angle faults at 100-200 m spacing within the upper extrusive sequence ( Figure 5 ). At Holes 504B and 1256D no fault zones are reported in the lava units Wilson et al., 2003] . Clear faults are not imaged in MCS profiles within 1-2 km of Hole 1256D (Figure  6a ), although low-angle reflectors with a horizontal spacing of 5-10 km are observed in regional profiles Geochemistry, Geophysics, Geosystems 10.1002/2016GC006638 [Hallenborg et al., 2003] . At Hole 504B, dipping reflections are imaged that might be associated with faults (Figure 6b ), and tilted fault blocks spaced 10 km apart, with evidence of active normal faulting, have been reported [Kent et al., 1996] . Overall, faulting at Holes 504B and 1256D is not as prevalent as that imaged at the IBM fore arc (Figures 5 and 6 ).
Crustal Scale
The Stern and Bloomer [1992] model for subduction initiation of the IBM system has the earliest stages of crustal formation in a strongly extensional environment similar to spreading of slow spreading ridges, with high crustal production rates of the early arc. Typical oceanic crust has an upper crust with large velocity gradients of the order 1 s 21 (Layer 2) overlying a lower crust with smaller velocity gradients (Layer 3) [White et al., 1992] . Layer 2 has a mean thickness of 2.1 km, with velocities of 2.5-6.6 km/s, while Layer 3 has a thickness of 5 km, with velocities typically increasing from 6.7 km/s at the top to 7.2 km/s at the base [White et al., 1992] . Velocity-depth profiles from 59 to 127 Ma Atlantic oceanic crust are displayed in Figure  10 [ White et al., 1992] ; Kodaira et al. [2010] argue that these provide a good comparison in respect to age and spreading rate with early seafloor generation at the IBM fore arc. Similar to oceanic crust, profile KT06 has an upper crust (Layer 2) with a large velocity gradient overlying a lower crust (Layer 3) with a smaller velocity gradient (Figures 9 and 10 ). The upper crust is 2.5-3.0 km thick and has a velocity gradient of 1.07 s 21 with velocities increasing from 3.4 to 6.2 km/s, while the lower crust is 9.5-10 km thick, with velocities increasing from 6.2 to 7.0 km/s at the base of the crust and a velocity gradient of 0.1 s 21 (Figures 9 and 10). Velocities at the IBM fore arc are slightly lower, and layer thicknesses are greater, than typical oceanic crust (Figure 10 ). Layer 2 thicknesses at Holes 504B and 1256D are 0.9-1.2 and 1.2-1.5 km, respectively, and total crustal thickness is 5-5.5 km at the two oceanic crust sites [Collins et al., 1989; Detrick et al., 1998; Expedition 309 Scientists, 2005] . Globally, oceanic crust has a mean thickness of 6-7 km [Chen, 1992; White et al., 1992] , which indicates that crustal thicknesses at Holes 504B and 1256D are less than average measurements, while thickness at the IBM fore arc is considerably greater.
Although oceanic crust is typically 6-7 km thick, many seismic studies have described thickened oceanic crust, where most of the crustal thickening occurs in Layer 3 [Mutter and Mutter, 1993] . Oceanic crust formed in the Norwegian-Greenland Sea shows variations in thickness from 7 to 20 km, with the thickest crust formed soon after initiation of seafloor spreading at 50-55 Ma [Mutter and Mutter, 1993] . In Figure  10 we plot the velocity structure from several Norwegian-Greenland Sea expanding spread profiles (EPSs) with crustal thickness 11-13 km [Mutter and Zehnder, 1988; Olafsson et al., 1992] . This comparison indicates that layer thicknesses for the IBM fore-arc crust are similar to that observed for oceanic crust of comparable thickness, but that seismic velocities are lower than observed for thick oceanic crust. Mutter and Mutter [1993] show that average Layer 3 velocity increases with crustal thickness and argue that thicker crust with average velocities >7.1 km/s incorporates some ultramafic material. The lower velocities at the IBM fore arc, with average Layer 3 velocities of 6.9 km/s, do not require the presence of ultramafic material in the lower crust. Hydrous alteration phases, such as expected with the formation of boninite, could also be a component of the lower crust, and are consistent with Layer 3 velocities of 6.9 km/s [Behn and Kelemen, 2003] .
Previous seismic refraction experiments near profile KT06 provide additional insights into the structure of the IBM fore arc (Figure 1 ). The Kodaira et al. [2010] Bonin ridge profile shows a significant difference between crust associated with boninitic magmatism (north half of profile) and tholeiitic-calcalkaline andesitic volcanism (south half of profile), with boninitic crust thinner with lower average crustal velocities. The KT06 profile structure is consistent with that of the northern third of the Bonin ridge profile. The Takahashi et al. [2009] east-west profile models four layers in this region, which they label basement (<5 km/s) and upper (5.9-6.2 km/s), middle (6.4-6.6 km/s), and lower crust (6.8-7.4 km/s). The basement and upper crust on the eastern edge of the Bonin ridge have total thicknesses of 2.1-4.4 km [Takahashi et al., 2009] , and are similar in velocity and thickness to profile KT06 2.5-3.0 km thick Layer 2. The middle and lower crust thicken beneath the Bonin ridge, with a maximum crustal thickness of 18 km [Takahashi et al., 2009] ; these layers are equivalent to profile KT06 Layer 3 and reveal the presence of 7.4 km/s material at the base of the crust beneath the Bonin ridge. The 10-15 km thick crust modeled along profile KT06 (Figure 9 ) is not representative of the entire fore arc, as Takahashi et al. [2009] show that total crustal thickness (from seafloor to Moho or top of subducting slab) decreases from 18 km at the Bonin ridge to 5 km near the trench.
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Implications and Inferences
Compared to oceanic crust, logging data at the IBM fore-arc lavas return lower compressional velocities and densities, higher porosities and gamma ray values, and lower A f values (Table 2) . Seismic profiles image many more faults at the IBM fore arc ( Figure 5 ) than at Holes 504B and 1256D ( Figure 6 ). As discussed in section 5.2, these observations are consistent with more fracturing and alteration at the IBM fore arc than in normal oceanic crust. At the crustal scale, IBM fore-arc crust has a layered structure similar to Holes 504B and 1256D, but total crustal thickness is significantly greater, and velocities in Layer 3 are lower than expected for thick oceanic crust ( Figure 10 and Table 2 ). The geophysical observations summarized in Table 2 suggest that the present-day IBM fore arc is not a good analog for oceanic crust. However, it is important to consider whether the observed differences are inherent to differences in the accretionary processes at the two settings, or if initial accreted crust was similar but then subsequently modified in different ways.
Data from drill cores, borehole, and site survey data suggest that the outer IBM fore arc was deformed mainly postmagmatically [Kurz et al., 2015] . Examples of this deformation include normal and strike-slip faultbounded sedimentary basins, and tilting of the lowermost syntectonic pelagic and volcaniclastic units. At the core scale, postmagmatic deformation consists of fault zones, slickensides, shear fractures, mineralized veins, and tension fractures [Kurz et al., 2015; Reagan et al., 2015] . Veins formed predominantly as a consequence of hydrofracturing and as a result of extension, and cross-cutting relationships of veins point to multiple fracturing followed by mineral precipitation from a fluid [Reagan et al., 2015] . Postmagmatic extension is additionally documented by extensional structures within the sedimentary sequences, especially at Sites U1439 and U1442 [Reagan et al., 2015] . The prevalence of postmagmatic structures suggests that IBM forearc lavas, when accreted, could have had physical properties similar to that of lavas formed at a mid-ocean ridge spreading center, and then been subsequently modified by faulting and alteration owing to tectonic deformation at the IBM fore arc.
Tectonic deformation cannot explain the large differences in crustal thickness between the IBM fore arc (12.3 km) and Holes 504B and 1256D (5-5.5 km). One possibility is that thick crust was emplaced at the time of initial IBM fore-arc spreading; however, if so, it has unusually low Layer 3 seismic velocities compared to other studies of thick oceanic crust. For example, the 11.5-13 km thick Norwegian and Greenland Sea oceanic crust shown in Figure 10 has an average Layer 3 velocity of 7.3 km/s, which is interpreted to incorporate some ultramafic material [Mutter and Zehnder, 1988; Olafsson et al., 1992; Mutter and Mutter, 1993] . Thicker crust to the west under the Bonin ridge does have velocities of 7.4 km/s at the base of the crust [Takahashi et al., 2009] , and it is possible that ultramafic material is localized to this region.
Alternatively, crust at the IBM fore arc could have been thickened after emplacement. Initial spreading near the Bonin Ridge emplaced fore-arc lavas 50-52 Ma, and later volcanism evolved to boninites (46-48 Ma) and andesites (41-44 Ma) [Stern and Bloomer, 1992; Ishizuka et al., 2011; Reagan et al., 2013] . Magmatic activity appears to retreat from the trench, with the fore-arc lavas found at sites U1440 and U1441 and in submersible dives close to the trench, boninites found at sites U1439 and U1442 and on the Bonin ridge, and andesites on the western portion of the Bonin ridge (Figure 1) [Reagan et al., 2010; Ishizuka et al., 2011; Reagan et al., 2015] . Despite differences in lava composition, crustal structure is continuous for fore-arc crust from the Bonin ridge to the trench, with changes in thickness but only minor changes in velocity [Takahashi et al., 2009] . Ishizuka et al. [2006] argue that a broad swatch (150-200 km in their generalized cross section) of fore-arc crust formed by seafloor spreading with boninitic volcanism after subduction initiation, and was later the location of andesitic volcanism that retreated from the trench to the Bonin Ridge. Ishizuka et al. [2011] have a variation on this model, with initial FAB volcanism forming oceanic crust in the fore arc, which is overlain by boninitic and later arc lavas. Both of these models suggest that there is not a simple progression with time of magmatism away from the trench but that magmatism is over a broad region that includes the crust formed from initial spreading. Thickening of the crust could occur through continued Geochemistry, Geophysics, Geosystems 10.1002/2016GC006638 magmatism, prior to evolution to mature subduction and the present-day arc. At sites U1439 and U1442 thrust faults are observed in the cores that predate extensional structures, so part of the crustal thickening might also be related to early thrusting [Reagan et al., 2015] . The second model is consistent with the recovery of FAB in the IBM back arc during IODP Expedition 351 [Arculus et al., 2015] . FAB could have been emplaced over an extensive region from near the trench to the present-day back arc, followed by localized emplacement near the Bonin ridge of boninites.
Our study has focused on a comparison between the IBM fore-arc and oceanic crust, but we can also compare some physical properties directly with ophiolites. However, when doing so we need to consider that some physical properties may have changed during and after emplacement on land. In Figure 2 we plot velocity, density, and porosity values for Semail ophiolite basalts [Christensen and Smewing, 1981] and Bay of Islands (BOI) ophiolite metabasalts [Salisbury and Christensen, 1978; Christensen and Salisbury, 1982] . The velocity measurements were made at pressures of 0.06-0.08 GPa; 0.18 km/s [Christensen, 1972] has been subtracted from the velocity values for comparison with the other samples which were measured at ambient pressure. Porosity values are only reported for the BOI metabasalts; these are low compared to oceanic crust and the IBM fore arc, but the porosity reduction likely occurred during the change from basalts to metabasalts. Velocities and densities of the ophiolite basalts, ophiolite metabasalts, ocean crust basalts, and Expedition 352 FAB all follow the same velocity-density trends (but have higher densities than the Expedition 352 boninites).
In Figure 3 we include average formation properties derived from logs in the Troodos ophiolite [Salisbury et al., 1989] . P-wave velocities for the Troodos ophiolite pillow basalts are 3.2-3.4 km/s at depths <300 m and are remarkably similar to the 3.1-3.4 km/s mean values measured at the Expedition 352 sites. Porosity values are estimated at 23%; porosities are calculated from the density log and might not be directly comparable to the values calculated from the resistivity logs for the Expedition 352 and ocean crust sites. Density values for the Troodos ophiolite basalts average 2.25 g/cm 3 at depths <300 m, which are comparable to the 2.0-2.3 g/cm 3 mean values measured at the Expedition 352 sites, and less than the 2.5-2.6 g/cm 3 mean values measured at Holes 504B and 1256D. Gamma ray values of 22-29 API for the Troodos ophiolite basalts in Figure 3d are slightly higher than the 15-22 gAPI values of the Expedition 352 sites and much higher than the 4 gAPI mean value measured at Holes 504B and 1256D. Overall, the velocity-porosity, velocity-density, and gamma ray values of the Troodos ophiolite are closer to the IBM fore-arc measurements than the oceanic crust measurements (Figures 3 and 4) .
The IBM fore-arc seismic refraction profile modeled velocities that are slightly lower, and layer thicknesses that are greater, than typical oceanic crust (Figures 9 and 10 ). The IANGASS seismic refraction profile across the Troodos ophiolite modeled a 1.5 km thick upper layer with velocities 2.5-5.0 km/s, underlain by a 4-4.5 km thick layer with velocities 6.0-6.7 km/s, which is underlain by a 6 km thick layer with velocities of 6.9-7.1 km/s [Mackenzie et al., 2006] . Mackenzie et al. [2006] present two hypotheses for the 6 km thick 7 km/s layer: partially serpentinized peridotite or ultramafic cumulates. If the basal layer is serpentinized mantle, then the Troodos crust is 5 km thick, whereas if it is composed of ultramafic cumulates, then the crust is 11 km thick. Although Mackenzie et al. [2006] prefer an interpretation of 5 km thick crust underlain by serpentinized mantle, we note that 11 km thick crust with basal velocities of 7 km/s compares well with the IBM fore-arc KT06 profile with 12.5 km thick crust and similar basal velocities.
What are the implications for using SSZ crust as an analog for ophiolites, and ophiolites as an analog for oceanic crust? At the cm-m scale (discrete sample), physical properties of lavas follow similar trends, suggesting that there are no inherent differences owing to emplacement at different tectonic settings. However, these lavas were either emplaced in thick crust, or the crust was thickened through continued magmatism after initial accretion following subduction initiation. Subsequently, the crust was modified by faulting and alteration owing to tectonic deformation at the IBM fore arc. Hence, crust composing ophiolites formed at SSZ settings could be modified after accretion and before obduction; these processes should be considered when using ophiolites as an analog for oceanic crust.
